We describe a method that combines two-and three-color singlemolecule FRET spectroscopy with 2D FRET efficiency-lifetime analysis to probe the oligomerization process of intrinsically disordered proteins. This method is applied to the oligomerization of the tetramerization domain (TD) of the tumor suppressor protein p53. TD exists as a monomer at subnanomolar concentrations and forms a dimer and a tetramer at higher concentrations. Because the dissociation constants of the dimer and tetramer are very close, as we determine in this paper, it is not possible to characterize different oligomeric species by ensemble methods, especially the dimer that cannot be readily separated. However, by using single-molecule FRET spectroscopy that includes measurements of fluorescence lifetime and two-and three-color FRET efficiencies with corrections for submillisecond acceptor blinking, we show that it is possible to obtain structural information for individual oligomers at equilibrium and to determine the dimerization kinetics. From these analyses, we show that the monomer is intrinsically disordered and that the dimer conformation is very similar to that of the tetramer but the C terminus of the dimer is more flexible.
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single-molecule spectroscopy | three-color FRET | intrinsically disordered protein | p53 oligomerization | fluorescence lifetime I t is well known that intrinsically disordered proteins (IDPs) can fold into different structures when attaching to their binding targets. This structural flexibility and binding promiscuity are required for the formation of protein-protein interaction networks in various biological processes such as signal transduction and gene transcription (1) (2) (3) . On the other hand, some IDPs selfassemble and form oligomers, many of which are implicated in the development of diseases such as Alzheimer's disease (amyloid-β protein) (4, 5) and Parkinson's disease (α-synuclein) (6) . An ensemble of these oligomers with different sizes and conformations is not easy to separate, and therefore, their characterization is very difficult. However, single-molecule spectroscopy can be a very powerful tool because it can probe subpopulations in a mixture without the need for separation. Single-molecule spectroscopy has been successfully used for characterizing individual molecular states such as the folded and unfolded states of proteins (7) (8) (9) , intermediate states (10, 11) , and transition paths (12) (13) (14) (15) (16) (17) and for identifying specific molecular species and complexes (18) (19) (20) (21) (22) . In this paper, we describe the development of a singlemolecule fluorescence method that probes individual oligomers in a mixture, characterizes their conformations, and determines oligomerization kinetics.
We have used two-and three-color Förster resonance energy transfer (FRET) spectroscopy. Compared with two-color FRET that monitors a single distance, three-color FRET can determine three distances and therefore has great potential to obtain 3D structural information for a molecule or a molecular complex. Multicolor FRET has been demonstrated for well-known and designed molecular systems (23) (24) (25) (26) (27) and used for the molecular identification (24, 28, 29) and investigations of conformational changes and dynamics of proteins and nucleic acids (30) (31) (32) (33) (34) (35) and their interactions (36) (37) (38) . In some cases, the experiment and analysis can be simplified by preventing the energy transfer between one dye pair (e.g., much larger separation than the Förster radius). However, multicolor FRET experiments are generally complex due to technical difficulties in site-specific labeling and poor photophysical properties of an additional fluorophore. This complication makes the accurate determination of FRET efficiencies challenging, and only a few studies have determined and used all FRET efficiency values (24-26, 36, 37) . In this paper, we present various analysis methods to overcome these problems and determine FRET efficiencies accurately. In addition to the FRET efficiency, we also use fluorescence lifetimes to analyze the correlation between the FRET efficiency and the fluorescence lifetime in the two-color experiment. From the 2D FRET efficiency-lifetime analysis (39) (40) (41) (42) (43) (44) , it is possible to not only distinguish conformational states but also estimate the conformational flexibility of each state. For this analysis, accurate determination of the FRET efficiency and lifetime is very important. In addition to typical correction procedures for background, donor leak into the acceptor channel, and detection efficiencies and quantum yields of dyes (γ-factor), we present a correction method for fast acceptor blinking, which causes a 5-10% error in the determination of the FRET efficiency and donor lifetime. The acceptor blinking effect can be easily missed because it is faster than the bin time of 10-20 ms and does not clearly appear in FRET efficiency trajectories.
In this work we have applied this development in singlemolecule FRET spectroscopy to the oligomerization of the tetramerization domain (TD) of the tumor suppressor protein p53. Atomic-resolution structures are available for the tetramer (45) (46) (47) , but due to the very small dissociation constant, it is not possible to characterize the monomer and dimer conformations Significance Intrinsically disordered proteins often form pathological oligomers implicated in various diseases. In many cases, these oligomers cannot be separated and characterizations of their sizes and conformations are difficult. We develop a single-molecule fluorescence method that can probe individual oligomers without separation and determine the equilibrium constants and oligomerization kinetics. By combining two-and three-color single-molecule FRET spectroscopy with fluorescence lifetime analysis, it is possible to determine conformations and flexibility of individual oligomers unambiguously. We apply this method to the oligomerization of the tetramerization domain of p53 and compare conformations of monomer, dimer, and tetramer. This method will be useful in exploring other protein oligomerization systems involved in important biological and disease processes.
using ensemble measurements. [The solution NMR structure has been obtained for a destabilized mutant dimer that does not form a tetramer (48) .] Although the dimerization and the tetramerization occur sequentially as the concentration is increased (49), the two dissociation constants are very similar for the TD construct used in this work (residues 319-360 of the full-length p53), which makes the dimer characterization difficult even by single-molecule methods. We show that the dissociation constants of the dimer and the tetramer and the dimerization kinetics can, however, be determined in single-molecule free-diffusion experiments. By immobilizing molecules, we could selectively detect dimers and determine the FRET efficiency and fluorescence lifetime more accurately from longer trajectories. Combination of the two-and three-color FRET experiments and the 2D FRET efficiency-lifetime analysis shows that the monomer is disordered and the dimer conformation is very similar to that of the tetramer but the C terminus of the chain is more flexible.
Results

Two-and Three-Color FRET Experiments and Fluorescence Lifetime
Analysis. In the two-and three-color FRET experiments, we measured both fluorescence intensities and lifetimes by using picosecond-pulsed laser excitation (Fig. 1A) and a confocal microscope. Compared with three-color FRET, two-color FRET experiments and the data analysis are relatively simple and straightforward because energy transfer occurs between only one pair of fluorophores. On the other hand, in the three-color experiment, there are three energy transfer efficiencies, which cannot be determined by a single laser excitation. The excitation of the donor (D) leads to the energy transfers to both acceptors (FRET efficiencies E 1 and E 2 ). In addition, the transferred energy to acceptor 1 (A1) can be further transferred to the second acceptor (A2) (Fig. 1B) . To determine all three FRET efficiencies, an additional excitation of A1 is required. In this excitation, there is only a single energy transfer from A1 to A2. After determining this FRET efficiency (E 12 ), it is possible to obtain E 1 and E 2 as well (SI Materials, Methods, and Theory, FRET Efficiency Calculation and Standard Corrections in Two-and ThreeColor Experiments). We used the alternating laser excitation scheme (24, 50, 51) with two picosecond-pulsed lasers (485 nm and 640 nm) for the excitation of Alexa Fluor 488 (Alexa 488, D) and Alexa Fluor 647 (Alexa 647, A1) with the alternating frequency of 40 MHz.
The pulsed excitation of fluorophores allows for recording delay times between the laser excitation pulse and the photon arrival in addition to the absolute photon arrival times (Fig. 1A) . The absolute arrival times are used to construct fluorescence trajectories. The mean delay times determine fluorescence lifetimes (SI Materials, Methods, and Theory, Instrument Response Function and Determination and Correction of Fluorescence Lifetimes and Fig. S1 ). The mean FRET efficiency and donor (or acceptor) lifetime values are used to construct 2D FRET efficiency-lifetime distributions.
In the two-color immobilization experiment, a TD monomer labeled with a donor dye (Alexa 488, D) at its C terminus (TD-D) was immobilized on a glass surface and incubated with 10 nM TD labeled with an acceptor dye (Alexa 647, A1) at either the N (A1-TD) or the C terminus (TD-A1) (Fig. 2B ). Molecules were excited by a 485-nm laser in the pulsed mode at 20 MHz. To determine the dimerization kinetics, free-diffusion experiments were carried out to collect fluorescence bursts after manually mixing 40 pM of TD-D with A1-TD or TD-A1 at various concentrations. In the three-color immobilization experiment, the donor-and acceptor-labeled TD monomer (D-TD-A1) was immobilized and incubated with 10 nM TD labeled with acceptor 2 (Alexa 750, A2) at the C terminus (TD-A2).
For the accurate determination of the FRET efficiencies and lifetimes, we performed various corrections (52) . The detailed correction procedures of the FRET efficiency and lifetime are described in SI Materials, Methods, and Theory, FRET Efficiency Calculation and Standard Corrections in Two-and Three-Color Experiments. The corrections for the background photons and donor leak are straightforward. We found that the difference of the detection efficiencies and quantum yields (γ-factor) and direct excitation of the acceptor by a donor excitation laser can be corrected together. In addition, although fast photoblinking on the timescale of milliseconds and shorter was not visually detectable in the trajectories with the bin time of 20 ms (Fig. 3A) , the correlation analysis of photon trajectories clearly shows blinking of fluorophores (Fig. S2A) . No correction was needed for donor blinking because it does not change FRET efficiencies and lifetimes. However, during acceptor blinking, only donor photons are detected and this decreases the mean FRET efficiency. In addition, the fluorescence lifetime of these photons is longer than that in the presence of the active acceptor, which increases the donor lifetime. The effect of acceptor blinking is larger in the three-color experiment, in which A1 is excited more by alternating excitation. For each individual trajectory, we made corrections for acceptor blinking, using the population of the acceptor in the bright state. The acceptor bright-state population was determined using the maximum-likelihood method, analyzing photon trajectories directly without binning (53) (54) (55) . The detailed correction procedures of the FRET efficiency and lifetime are described in SI Materials, Methods, and Theory, FRET Efficiency and Lifetime Corrections for Acceptor Blinking. We also discuss the complex photophysics of Alexa 488 and Alexa 647 (SI Materials, Methods, and Theory, Photophysics of Alexa 488 and Alexa 647) that should be carefully scrutinized before the analysis. We first investigated the oligomerization of TD using two-color FRET, which is simpler to interpret. Because the atomic resolution structure of the tetramer conformation is known ( Fig. 2A ) (46) , our main focus was to obtain the dimer conformation in isolation at a low concentration. For this purpose, we performed experiments with two binding constructs shown in Fig. 2B . A TD monomer labeled with a donor dye (Alexa 488, D) at its C terminus (TD-D) was immobilized on a glass surface and incubated with 10 nM TD labeled with an acceptor dye (Alexa 647, A1) at either the N (A1-TD) or the C terminus (TD-A1), so that we could obtain distance information between the N and C termini and between the C termini of the two monomer chains in the dimer state ( Fig. 3 and Fig. S3 ).
Representative donor and acceptor fluorescence trajectories are shown in Fig. 3A . A majority of the trajectories exhibited a constant FRET efficiency without any transition, followed by either donor or acceptor photobleaching (Fig. S4A ). This result indicates that the dimerization kinetics are much slower than the tens-of-seconds duration of the trajectories. Therefore, the FRET efficiency and donor lifetime distributions in Fig. 3B were constructed from the mean values of the FRET efficiency and donor delay time of the first segment (before photobleaching) of each trajectory (i.e., each molecule). There are three peaks both in the FRET efficiency distributions and in the donor lifetime distributions. The peak colored in green at E = 0 corresponds to the monomer and a small fraction of the oligomers with only an active donor dye (due to incomplete acceptor labeling or inactive acceptor), whereas the orange peaks (E > 0) correspond to oligomers containing both active donor and acceptor dyes. The peaks at E ∼ 0.5 of A1-TD and E ∼ 0.45 of TD-A1 (Fig. 3B , Upper) are expected to correspond to the dimer, assuming that the structure of the isolated dimer is similar to that in the tetramer (48) . (The distance between the C-terminal residues of the labeled chains 1 and 2 is comparable to the Förster radius R 0 = 5.2 nm; Fig. 2A .) In addition to these peaks, there are unexpected peaks at E ∼ 0.7 (A1-TD) and E ∼ 0.8 (TD-A1). Interestingly, these high FRET efficiency peaks disappear after the addition of a large excess of unlabeled TD (Fig. 3B, Lower) , which leads to the formation of the tetramer consisting of a dimer with a donor-labeled monomer and an acceptor-labeled monomer (chains 1 and 2) and an unlabeled dimer (chains 3 and 4). The high-E peak is not an artifact caused by immobilization of the proteins because similar distributions are observed in the free diffusion experiment (see Dimerization Kinetics Measured by Free Diffusion Experiment). Anisotropy measurement also rules out the possibility of fluorophore sticking (Fig. S5) .
The presence of the two peaks at E = 0.45-0.5 and E = 0.7-0.8 may suggest that two stable conformations exist in the dimer state. However, it turns out that the high-E peak is not a second dimer state, but corresponds to the tetramer. To show this, we constructed a transition map from the trajectories exhibiting transitions between high and low FRET efficiencies. If there were two dimer states, these transitions would be reversible because there is only one tetramer conformation (46) . However, the transitions are almost unidirectional toward the low-E state ( Fig. 4A and Fig. S4B ). In addition, multiple transitions are also observed (Fig. S4A , Lower Right trajectory). Therefore, it is more likely that these transitions result from an irreversible photobleaching of multiple acceptors in the tetramer. The acceptor labeling efficiency is not 100%, so the number of photobleaching steps in the tetramer varies from one to three, which is consistent with the trajectories shown in Fig. S4A . In the case of C-terminal-labeled TD (TD-A1), the FRET efficiency histogram is more widely distributed, and it is possible to assign the dimers and tetramers with combinations of the active and inactive acceptors (Fig. 4A) . The peak at E = 0.8 results from the tetramers that have an active acceptor in chain 3 and the peak at E ∼ 0.4 consists of both the dimer and the tetramers without an active acceptor in chain 3. The transition map of the E distributions of A1-TD can be explained similarly (Fig. S4B ). In the following section, we show that the dissociation constant of the tetramer is very low and the tetramer is formed even at 10 nM.
Because the NMR structure is known for the tetramer, our goal was to characterize the dimer at a low concentration where the tetramer is not formed. However, the coexistence of the dimer and tetramer due to the similar dimer and tetramer dissociation constants makes this difficult. Our problem, then, is to obtain dimer information in the presence of the tetramer. Because the dimer contains only one donor and one acceptor, we selectively analyzed trajectories that exhibit a single acceptor photobleaching followed by a donor photobleaching (Fig. 3A) , which would be dimer trajectories in most cases. Although these trajectories are only a small fraction of the entire data (compare Figs. 3B and 4B), it is clear that there is a significant reduction of the high-E population (E ∼ 0.7 for A1-TD and E ∼ 0.8 for In UA-TD-Cys, a biotin molecule is attached to the lysine residue (blue) in the biotin-accepting sequence (AviTag), and an unnatural amino acid (green U, 4-acetylphenylalanine) and cysteine (red C) are incorporated between the spacer and the TD sequence and at the C terminus, respectively, for sitespecific dye labeling. In Cys-TD and TD-Cys, dyes (A1 or A2) are attached to the cysteine residues.
TD-A1), suggesting the majority of the data result from the dimers. (The remaining high-E population corresponds to the tetramer with only one active acceptor.) The low FRET efficiency of the dimer suggests that the dimer conformation is similar to that in the tetramer state. A remaining question is why only the high-E tetramer peak disappears when an excess of the unlabeled TD is added (Fig.  3B) . The simplest explanation is that the dissociation/association kinetics between the tetramer and the dimer are much faster than those between the dimer and monomer (49); once a dyelabeled dimer dissociates from a tetramer, it quickly binds an unlabeled dimer, which is in large excess, to form a new tetramer before it dissociates into monomers. (All acceptor-labeled TDs will be eventually replaced with unlabeled TD after a long time.) In this case, only one pair of the donor and acceptor locations is possible in the tetramer (i.e., chains 1 and 2 are labeled with a donor and an acceptor, respectively, and chains 3 and 4 are unlabeled; Fig. 2A ). We also note that the mean FRET efficiency of this tetramer (Fig. 3B, Lower) is lower than that of the dimers in Fig.  4B both for A1-TD and TD-A1, reflecting a small conformational difference between the dimer and tetramer (Table S1 shows the comparison of the FRET efficiencies and corresponding distances). The FRET efficiency difference is slightly larger for TD-A1, suggesting that the conformation of the C terminus of the helix may be more disordered and flexible in the dimer state compared with that in the tetramer state, consistent with the NMR structural data of the mutant dimer (48) and the molecular dynamics simulation result (56) (see Discussion for more explanation).
This interpretation on the more flexible C terminus of the dimer is supported by the estimation of the conformational flexibility by 2D FRET efficiency-lifetime distributions in Figs. 3C and 4C. For a state with a single conformation, where the distance between the two dyes is fixed, the mean FRET efficiency and the lifetime are related as (57)
where τ D and τ D 0 are donor lifetimes in the presence and absence of the acceptor. On the other hand, when there is a distribution of conformations that interconvert so rapidly that it does not appear in binned trajectories as those in Fig. 3A , the lifetime becomes longer and the peak shifts above the diagonal in the 2D plot (39) (40) (41) (42) (43) (44) . In this case, the donor lifetime is related to the mean FRET efficiency E as (43) The distributions of the molecules with both the donor and acceptor dyes are shifted upward from the diagonal line, suggesting the presence of conformations that interconvert rapidly (main text). The data inside the green rectangles were used to calculate the average FRET efficiency and lifetime values for the estimation of the variance of the FRET efficiency due to these conformational distributions (Eq. 2). Two-dimensional plots using the donor delay times obtained from acceptor photons and comparison with the results without acceptor blinking correction are presented in SI Materials, Methods, and Theory (Fig. S3) .
where σ c 2 is the variance of the FRET efficiency distribution of the underlying rapidly interconverting conformational substates. (Note that this is not the variance of the FRET efficiency peak in the histograms plotted in Figs. 3 and 4 .) For the normalized donoracceptor distance distribution P(r), the mean FRET efficiency is E = R ∞ 0 EðrÞPðrÞdr and the variance is σ c 2 = R ∞ 0 EðrÞ 2 PðrÞdr − E 2 , where E(r) = 1/[1 + (r/R 0 ) 6 ] is the FRET efficiency when the donor-acceptor distance is r and R 0 is the Förster radius. The upward shift in the 2D plot indicates the conformational flexibility of a state. σ c 2 ranges between 0 (fixed distance) and 0.25 (a system with two equally populated interconverting states with the FRET efficiency values of 0 and 1). For the Gaussian chain model (58) with the root mean-square end-to-end distance equal to the Förster radius, σ c 2 = 0.11. For this analysis, it is important to determine the FRET efficiency and lifetime accurately, which requires the corrections mentioned above, including acceptor blinking. (See SI Materials, Methods, and Theory, FRET Efficiency and Lifetime Corrections for Acceptor Blinking for the details of the correction procedure.) σ c 2 can also be determined from the mean acceptor delay times (Eq. S26), which are not affected by acceptor blinking (44) . The variance of the FRET efficiency distribution σ c 2 in the dimer state (Fig. 4C) is larger than that of the tetramer state (Fig. 3C after the addition of unlabeled TD), especially in the experiment with C-terminal labeled TD (TD-A1). This result indicates that the C-terminal region of the isolated dimer is more disordered as mentioned above (Discussion and Table S1 ).
Dimerization Kinetics Measured by Free Diffusion Experiment. In the immobilization experiment above, binding and dissociation are not detectable because the dimerization kinetics are very slow. Fersht and coworkers showed that the dimer dissociates on the timescale of tens of minutes, using fluorescence correlation spectroscopy (FCS) (49) . Therefore, we performed free diffusion experiments after mixing solutions manually to determine the dimerization kinetics and the dissociation constants of the dimer and tetramer. Donor (Alexa 488)-labeled TD (TD-D) was incubated at a low concentration (40 pM) before the experiment to ensure the dissociation of molecules into monomers. Then the acceptor (Alexa 647)-labeled TD in a stock solution (100 nM, measured by absorbance of Alexa 647) was diluted into the donor solution (Fig. 5A ). After dilution, acceptor-labeled TD dissociates and then associates with the donor-labeled monomer.
The time-dependent FRET efficiency histograms are shown in Fig. 5B . They consist of a donor-only peak and a distribution corresponding to the donor-and acceptor-labeled species (dimers and tetramers). The population of the donor-and acceptorlabeled species grows with time (also see Fig. S6 for the timedependent histograms at three different final concentrations of acceptor-labeled TD). The distributions were fitted to the sum of a log-normal function (for the donor-only peak) and a twocomponent Gaussian function (details of the fitting procedure in Materials and Methods and SI Materials, Methods, and Theory, Measurement of Dimerization Kinetics and Dissociation Constants of Dimer and Tetramer Using Two-Color FRET). The timedependent relative fractions of the two Gaussian components were calculated and used in model fitting (Fig. 5C) .
To fit the oligomerization kinetics data, we related the fractions of these two components to the concentrations of the monomer, dimer, and tetramer (details in Materials and Methods and SI Materials, Methods, and Theory, Measurement of Dimerization Kinetics and Dissociation Constants of Dimer and Tetramer Using Two-Color FRET). Due to the incomplete acceptor labeling and the presence of inactive (or photobleached) acceptors, each component has contributions from different oligomeric species with a different number of active acceptors as seen in the immobilization experiment (Fig. 4A) . Therefore, we incorporated the acceptor labeling efficiency (i.e., the fraction of the active acceptor) into the model as an additional fitting parameter. The concentrations of the oligomer species were found by solving differential kinetic equations numerically (Eqs. S53 and S54). By fitting the experimentally determined fractions of the two components in the histograms to those calculated using the model (solid curves in Fig. 5C ), we determined the dissociation constants and the dissociation rate of the dimer. The dissociation constants of the dimer and tetramer are 2.2 (± 0.4) nM and 1.8 (± 0.2) nM for A1-TD and 3.1 (± 0.5) nM and 1.0 (± 0.2) nM for TD-A1, respectively, and the dimer dissociation rate is 1.6 (± 0. Dimer Conformation Probed by Three-Color FRET Experiment. In the two-color experiments described above, only intermolecular FRET can be monitored for binding. Therefore, there is no direct information on the conformation of the monomer chain in different oligomeric states. However, the conformational difference of the monomer chain can be probed by three-color FRET. In a three-color FRET experiment, an immobilized TD monomer (D-TD-A1) labeled with the donor (D, Alexa 488) and acceptor 1 (A1, Alexa 647) at the N and C termini is incubated with TD molecules labeled with acceptor 2 (A2, Alexa 750) at the C terminus in solution (TD-A2, Fig. 2C ). In this way, the intramolecular FRET between D and A1 on the same monomer chain is observed simultaneously with the intermolecular FRET from D to A2 or A1 to A2. Fig. 6A shows representative threecolor trajectories. After determining E 12 (between A1 and A2) from the trajectory with A1 excitation (Fig. 6A, Lower, 640 nm) , E 1 (between D and A1) and E 2 (between D and A2) can be calculated using the trajectory with D excitation (Fig. 6A , Upper, 485 nm) (SI Materials, Methods, and Theory, Calculation of FRET efficiencies in three-color FRET).
However, as in the two-color experiment, many trajectories miss one or two dyes due to incomplete labeling. When one dye is missing, the experiment becomes a complex two-color one, because of various combinations of two dyes, as shown in Fig. 6B . According to the labeling positions of the three fluorophores in Fig. 2 , E 2 and E 12 correspond to the FRET efficiencies in the two-color experiments with A1-TD and TD-A1, respectively. Importantly, the consistency of the analysis is shown by the fact that both E 12 and E 2 distributions reproduce those of the twocolor experiments. There are two peaks in the E 12 histogram at 10 nM of TD-A2 and the high-E peak disappears upon the addition of 2.5 μM unlabeled TD. The transition map of E 12 ( Fig.  S4D) is very similar to that of the two-color experiment with 10 nM TD-A1 (Fig. 4A and Fig. S4B ). The high-E 2 component (E 2 ∼ 0.4) also disappears after 2.5 μM of unlabeled TD is added (Fig. 6B) as in the case of the two-color experiment with A1-TD. In this comparison, instead of the true FRET efficiency E 2 , we use E 2 ′ without acceptor blinking correction because it is difficult to extract the acceptor bright-state population when E 2 is very low and similar to the value of the A2 dark state.
The intramolecular energy transfer efficiency E 1 provides additional important information. At 10 nM TD-A2, there are two peaks at E ∼ 0.67 and 0.82 and the lower-E peak disappears after 2.5 μM unlabeled TD is added (Fig. 6B ). This result indicates that E ∼ 0.82 is the FRET efficiency in the dimer and tetramer states as expected from the short distance between N and C termini in the tetramer structure ( Fig. 2A) and E ∼ 0.67 is the FRET efficiency of the monomer. This interpretation is supported by the two-color experiment of D-TD-A1 without TD-A2 (Fig. S8A) . A single peak at E ∼ 0.67 is observed when no unlabeled protein is added in the solution and this peak is shifted to E ∼ 0.82 by the addition of 2.5 μM unlabeled TD. The low FRET efficiency of 0.67 suggests that the monomer is unfolded (intrinsically disordered; Discussion). Indeed, a positive shift from the diagonal is observed in the 2D E 1 -donor lifetime plot (σ c 2 = 0.06, Fig. S8D ), indicating conformational flexibility of the unfolded TD molecule. Fig. 6D shows the E 1 and E 12 distributions when all three dyes are active. E 1 is always high regardless of the addition of unlabeled TD because the detection of the three fluorophores means that the dimer (or tetramer) is formed. The two peaks in the E 12 histogram are very similar to the results in In the total distribution, there are three components. The donor-only component at E ∼ 0.1 was fitted to a log-normal function, and the components with higher FRET efficiencies were fitted to a double-Gaussian function. The fitted curves of the individual and the whole distributions are shown in black and red, respectively. All three components have contributions from the monomer, dimer, and tetramer (Eq. S52). 488 on the determination of E 12 . The unique feature of threecolor FRET is its capability of determining all three FRET efficiencies simultaneously. It should be possible to find the correlation between the E 12 values in the two peaks and the other two FRET efficiencies. For example, even though E 1 shows a single peak (Fig. 6D) , there may be a difference between the high-and low-E 12 species (i.e., tetramer and dimer). However, for the TD constructs in this work, E 2 is too low (before γ correction, E 2 ∼ 0.1) to be determined accurately in the threecolor experiment. (Although E 2 is not accurate, its value is so low that E 1 is reasonably accurate as shown in Fig. 6E , Top.) Instead, we avoided this problem by analyzing the segments that immediately follow photobleaching of A1 or A2. For example, in the two trajectories in Fig. 6A , Left, A2 photobleaches earlier than A1. In the two trajectories in Fig. 6A , Right, A1 photobleaches earlier than A2. Because the dissociation/association kinetics are very slow, the oligomeric state would be the same before and after photobleaching of these dyes. Therefore, it is possible to determine E 1 and E 2 more accurately using two-color segments after photobleaching of A2 and A1, respectively, and correlate these values with E 12 in the preceding three-color segment. Fig.  6E shows this analysis. E 2 is low when E 12 is low (Fig. 6E , Bottom Left) and E 2 is high when E 12 is high (Fig. 6E, Bottom Right) .
(The number of trajectories for high E 12 is very small because photobleaching of A1 earlier than A2 especially with high E 12 is a very rare event.) The difference of E 1 (Fig. 6E, Middle) is very small between the high-and low-E 12 states, indicating that the average distances between N and C termini of a monomer chain in the dimer and tetramer states are similar (Fig. 7 ).
Discussion
We have described two-and three-color single-molecule FRET experiments and a fluorescence lifetime analysis and have shown how to use these methods to characterize a specific oligomeric state in an equilibrium mixture that is not separable by ensemble methods and is difficult even with single-molecule methods. We performed two-color experiments with two different TD constructs having different labeling positions, in which the information of the distances between the C terminus of one chain and the N (A1-TD) or C terminus (TD-A1) of the other chain of the dimer can be obtained. In principle, all this information could be obtained in a single three-color experiment, and we confirmed that the results of the three-color experiment reproduced the observations in the two-color experiments. However, due to various problems, such as incomplete dye labeling, and low quantum yield and rapid photobleaching of the third fluorophore . S9 ). Red and purple arrows indicate photobleaching of A1 and A2, respectively. (B-D) Mean FRET efficiencies and lifetimes were calculated from the initial segment of the trajectories before (Left) and after (Right) the addition of 2.5 μM unlabeled TD. (B) E 1 , E 2 ′, and E 12 were calculated from the two-color segments that miss A2, A1, and D and contain more than 1,500, 1,000, and 1,000 photons, respectively. (C) Two-dimensional E 1 -donor lifetime plots of the data in B. (D) E 1 and E 12 were obtained from the segments (>1,000 photons) in which all three dyes are active. (E) Distributions of E 1 and E 2 ′ constructed for the low (Left)-and high (Right)-E 12 species. FRET efficiencies were calculated from the segments with three active dyes (E 1 , Top) or from the two-color segments immediately following photobleaching of A2 (E 1 , Middle) or A1 (E 2 ′, Bottom). All FRET efficiency and lifetime values were corrected as described in Fig. 3 except E 2 ′, which was not corrected for acceptor blinking.
(Alexa 750), the results of the three-color experiment are complex and not as quantitative as those of the two-color experiments. Consequently, we focused on extracting information that can be uniquely obtained by a three-color experiment and demonstrated how to combine this with more quantitative two-color results to derive structural and dynamical information for the various oligomer conformations. We showed that corrections for acceptor blinking are essential for accurate determination of the FRET efficiency and donor lifetime, especially for the estimation of the conformational flexibility in the 2D E-lifetime analysis.
The protein oligomerization system studied here is the tetramerization domain of the tumor suppressor protein p53. Because an atomic-resolution structure is known for the tetramer (45-47), we focused on the characterization of the monomer and dimer. Our original strategy was to characterize the monomer and dimer at a low concentration where the tetramer does not exist. Therefore, it was initially puzzling to observe broad distributions and multiple peaks in the FRET efficiency histograms (Fig. 3) and irreversible transitions between these states (Fig. 4) . For the 42-residue peptide (residues 319-360 of full-length p53) used in this work, it turned out that the tetramer dissociation constant is very low, similar to the dimer dissociation constant (Fig. 5 and Figs. S6 and S7) , unlike a shorter 31-residue peptide (residues 325-355) and the full-length protein (49) . Therefore, the tetramer with multiple acceptors coexists with the dimer at low nanomolar concentrations, which explains the observed FRET efficiency distributions and the asymmetric transition maps. Although these features make the analysis more complex, it actually demonstrated the capability of combining two-and three-color single-molecule FRET spectroscopic methods to characterize individual oligomeric species in a mixture. We also showed that the slow dimerization kinetics can be measured by the free diffusion experiment after manual mixing (Fig. 5 and Fig. S6 ).
The monomer can be characterized relatively easily by simply lowering the concentration until the dimer dissociates (<100 pM). In the two-color measurement of TD labeled with Alexa 488 and Alexa 647 at the N and C termini (D-TD-A1), the FRET efficiency for the monomer is 0.67 ( Fig. S8A and Table S1 ). In addition, the 2D FRET efficiency-lifetime analysis shows a positive shift of the distribution from the diagonal. This shift results from a broad FRET efficiency distribution (σ c 2 = 0.06, Fig. S8D ) reflecting the presence of rapidly interconverting conformations with different donor-acceptor distances (i.e., conformational flexibility). The low E value (0.67) compared with those of the dimer and tetramer states (0.82) and the flexibility of the monomer chain suggest that the monomer is unfolded, consistent with the result of the monomeric mutant (L344P) that does not form oligomers (59) . Single-molecule data of unfolded polypeptide chains have been well described by polymer models (9) such as the Gaussian chain model (7, 41, 42, (60) (61) (62) , in which the end-to-end distance (r) distribution is given by P(r) = 4πr
The great advantage of the Gaussian chain model is that there is only one free parameter, 〈r 2 〉 , which can be determined from the experimentally obtained mean FRET efficiency as E = R ∞ 0 EðrÞPðrÞdr (Results). With the experimentally determined〈r 2 〉 1/2 = 4.8 nm, the variance of the Gaussian chain is σ c 2 = 0.10, which is larger than the measured value of 0.06 (± 0.03). In other words, the chain dynamics are more restricted than expected from the Gaussian chain model. It has been known that intrinsically disordered proteins behave like a random polymer even though they are more collapsed compared with the proteins unfolded by chemical denaturant (9) . Moreover, the end-to-end distance distribution does not depend much on the specific polymer model [σ c 2 = 0.09 for the self-avoiding walk model (9)]. The narrower end-to-end distance distribution may result from the unusually high fraction of the charged residues (43%) in the sequence of the TD that might cause less flexibility of the unfolded chain. However, the net charge is 0 at neutral pH and the residues with opposite charges are well mixed. In this case, the chain dynamics are not affected by charges but resemble those of random polymers (63) . There is a possibility that some residual secondary structure is formed in the monomer state, but it is difficult to prove experimentally, because the TD will form tetramers at the concentrations necessary for high-resolution structural techniques.
Two-and three-color binding experiments showed that the structure of the monomer chain is similar in the dimer and tetramer states, but it is more flexible in the dimer state. Although the solution is a mixture of the monomer, dimer, and tetramer at the concentration of 10 nM, in the two-color binding experiment, the selective detection of the dimer was made possible by analyzing the trajectories exhibiting single-donor and singleacceptor photobleaching (with a small fraction of tetramers). In both cases of A1-TD and TD-A1, the FRET efficiencies in the dimer state (Fig. 4B ) are higher than those in the tetramer state ( Fig. 3B after adding excess unlabeled TD) , suggesting more flexibility in the dimer state, which may bring the two termini close to each other (Fig. 7) . The flexibility of the chains monitored by the 2D FRET efficiency-lifetime analysis also supports this interpretation. The 2D distributions of the dimer and tetramer in Figs. 4C and 3C show that the width of the distance distribution between the N terminus of one monomer chain and the C terminus of the other chain in the dimer state is similar to that in the tetramer state [σ c 2 = 0.07 (± 0.02) and 0.05 (± 0.02) before and after the addition of the unlabeled TD in the A1-TD binding experiment (Table S1) ]. On the other hand, the distance distribution between the two C termini in the tetramer [σ c 2 = 0.02 (± 0.02)] is much narrower than that in the dimer [σ c 2 = 0.06 (± 0.02)]. These two distinct results suggest that the C terminus of the chain is more flexible in the dimer state than in the tetramer state whereas the flexibility of the N terminus is similar in both states, consistent with the previous NMR and simulation results (48, 56) .
This difference can be explained more clearly by the dimer and tetramer structures (46) in Fig. 7 . In the tetramer state, the α-helices form the core in the middle, sandwiched by the β-strands outside. In fact, seven and five residues of the N and C termini (eight and six including the residues where dyes are attached), respectively, are unstructured, and this accounts for the relatively large variance of E even in the tetramer state. Especially, the acceptor at the N terminus (Fig. 7, Left) can access the region close to the donor side. This flexibility of the N terminus will be similar in the dimer and the tetramer states, which results in the similar variance of the FRET efficiency in the A1-TD experiment. Table S1 ). In the tetramer state, the flexibility of the C terminus is smaller (indicated by smaller arrows) because the lower part of the labeled dimer is blocked by the unlabeled dimer. Therefore, σ c 2 of the FRET efficiency between C termini (TD-A1, Center) is small. On the other hand, σ c 2 of the tetramer with A1-TD (Left) is still large because the flexibility of the acceptor-labeled N terminus will not be affected by the tetramer formation. The corrected FRET efficiencies, average distances (calculated using κ 2 = 2/3), and σ c 2 values obtained from the two-and three-color experiments are listed in Table S1 .
On the other hand, the C terminus is much more restricted in the tetramer state compared with the dimer state (Fig. 7, Center) . Therefore, the variance of the FRET efficiency distribution in the TD-A1 experiment is much smaller for the tetramer than for the dimer. Several groups have recently developed tools to calculate an accurate distribution of the distance between the donor and acceptor by appropriate modeling of fluorophores and linkers for macromolecules with well-defined structures (64) (65) (66) (67) (68) (69) . This calculation may allow for a more quantitative comparison. However, as mentioned above, there is a fair amount of disorder in both N-and C-terminal regions of the monomer unit in both dimer and tetramer states. Therefore, more quantitative analysis and comparison would be possible in conjunction with molecular dynamics simulations.
The above structural analysis is based on the assumption that the conformation of the monomer chain is similar in the dimer and tetramer states, which is almost certain but cannot be proved by the two-color experiment alone. The three-color experiment provides unambiguous and more complete information for the dimer conformation. We showed that the FRET efficiency distributions of E 2 and E 12 are consistent with those of the twocolor experiment with A1-TD and TD-A1, respectively. The FRET efficiency E 1 between the N and C termini of the same chain is high (∼0.82) in both the dimer and tetramer states, which clearly indicates that the structure (β-strand, turn, and α-helix) found in the tetramer is also present in the dimer state.
In principle, three-color FRET experiments alone can extract 3D information of molecular structure and kinetics by measuring three distances. In practice, however, various complications caused by introducing an additional dye make it difficult to obtain information with the same accuracy as in the two-color experiment. However, as we have demonstrated in this work, by combining two-and three-color experiments it is possible to obtain 3D quantitative information with high accuracy. The capability of selectively detecting specific oligomeric species will be very useful in exploring other protein oligomerization systems involved in important biological and disease processes.
Materials and Methods
Materials. In the binding experiment, three different TD constructs were used (Fig. 2D) . TD with a biotin tag and an unnatural amino acid, 4-acetylphenylalanine (70, 71) , at the N terminus (Avi-UA-TD-Cys) was labeled with Alexa 488 at the C terminus (TD-D) for the two-color experiment. The same protein was sitespecifically labeled with Alexa 488 and Alexa 647 at the N and C termini, respectively (D-TD-A1) for the three-color experiment. TDs with an additional cysteine residue at the N (Cys-TD) or C terminus (TD-Cys) were labeled with Alexa 647 (A1-TD or TD-A1) and Alexa 750 (TD-A2) for the two-and threecolor experiments, respectively. Details of the expression, purification, and dye labeling of proteins are described in SI Materials, Methods, and Theory.
Single-Molecule Spectroscopy. To determine the FRET efficiency and donor lifetime, TD-D (D-TD-A1) was immobilized and incubated with A1-TD or TD-A1 (TD-A2) in the two-color (three-color) experiments. For the determination of the dissociation constants and the dimerization kinetics, TD-D was manually mixed with A1-TD or TD-A1 and fluorescence bursts were collected in the free diffusion experiment. The dissociation constants were also determined using equilibrium FCS measurement of the TD-D mixed with unlabeled TD (Cys-TD).
Among various corrections, the most complex step in the FRET efficiency determination is the acceptor blinking correction. In this step, first, the population of the acceptor bright state (p b ) was obtained using the maximumlikelihood method. With this population, the FRET efficiency corrected for blinking (E c ) in the two-color experiment can be calculated relatively easily as E c = E/p b (Eq. S29), where E is the FRET efficiency before the blinking correction. In three-color FRET, there are four different combinations of the bright and dark states of the two acceptors. The photon count rates of these four cases can be explicitly expressed in terms of three FRET efficiencies in the absence of acceptor blinking (Eq. S34). The actual photon count rates in the presence of acceptor blinking are linear combinations of these four cases with relative weights determined by the bright-state populations of the two acceptors (Eqs. S33 and S35). Then, the FRET efficiencies corrected for acceptor blinking can be found by solving Eqs. S36 and S37. The donor fluorescence lifetime was determined using the mean delay time (Eq. S19), which was subsequently corrected for background and acceptor blinking. The origin of the delay time was determined by fitting the delay time distribution (Eq. S20) obtained from donor-only trajectories without the active acceptor.
Further details of single-molecule experiments, theories of two-and threecolor FRET, lifetime determination, corrections of background, donor leak, γ-factor, direct acceptor excitation, and acceptor blinking (maximumlikelihood method) are described in SI Materials, Methods, and Theory.
Oligomerization Equilibrium and Kinetics. In this work, the oligomerization kinetics of TD were measured by mixing donor-labeled TD with an excess of acceptor-labeled TD in the free-diffusion experiment. Using the acceptorlabeling efficiency (the fraction of the active acceptor), the relative amplitudes of the components observed in FRET efficiency histograms (Eq. S51) were related to the concentrations of the donor-labeled species with an arbitrary number of acceptor labels (Eq. S52). There is only one donor-labeled TD monomer in each oligomeric species because the concentration of the donorlabeled TD is much smaller than those of acceptor-labeled or unlabeled TD.
The concentrations of the donor-labeled species were found by numerically solving the kinetic equations that couple the concentrations of monomers, dimers, and tetramers with and without donor labels (Eqs. S53 and S54). To simplify the kinetic equations, we assumed that the dimer-tetramer equilibration is much faster than the dimer-monomer equilibration (49) . The similar growth rates of the two components (E > 0) at a given acceptorlabeled TD concentration support this assumption. There are four fitting parameters in the kinetic equations: the equilibrium dissociation constants of the dimer and tetramer, the rate constant of dimer dissociation, and the acceptor labeling efficiency. Further details of the determination of the dissociation constants and dimerization kinetics are described in SI Materials, Methods, and Theory.
It should be noted that both the equilibrium constant and the kinetic equation for a reaction between unlabeled (indistinguishable) molecules differ from those between the labeled and unlabeled (distinguishable) molecules by a statistical factor. For example, the dissociation constant of the dimer of donor-labeled and unlabeled TD monomers is one-half of the dissociation constant of the dimer of unlabeled TD monomers. As a result, the relative populations of the donor-labeled oligomers are different from those without a donor label. This fact should be considered carefully in the analysis (SI Materials, Methods, and Theory, Oligomerization Equilibrium Between Unlabeled Molecules and Between Labeled and Unlabeled Molecules).
